Abstract-We demonstrate a Brillouin-erbium fiber laser (BEFL) based on a reversed S-shaped loop that generates multiple shifted wavelengths that utilizes two 5km long single mode fiber (SMF). At Brillouin pump power of 5mW and EDF pump power of 150 mW, up to 8 Stokes lines that are above10dBm and a tuning range of 35 nm, from 1542.5 nm to 1577.5 nm, are the results obtained.
I. INTRODUCTION
Stimulated Brillouin Scattering is a phenomena that produces frequency-upshifted and frequency-downshifted Stokes waves that usually propagate in the opposite direction of the incoming light source [1] . It is nonlinear and causes pump depletion when the threshold of the SBS is achieved. The Brillouin frequency shift is usually ~10GHz for silica-based single mode fiber (SMF). Some fibers might display different frequency shifts due to the changing material composition. Other factors that affect the Brillouin frequency shift are temperature and strain applied on the propagating medium.
Researches on Brillouin-erbium fiber laser (BEFL) are mostly done for its capability to produce multiwavelength source that is useful for applications in wavelength division multiplexing (WDM), fiber optic remote sensors, microwave photonic filters and BEFL temperature sensor with high resolution [2] [3] [4] [5] [6] . Techniques on producing such BEFL that are used in latest publications include self seeded light amplification [7] [8] , simple BEFL structure utilizing short SSMF [9] and switchable frequency spacing of the laser by optical gain and absorption employing quasi-ring cavities and feedback structure [10] . There are also efforts in understanding the characteristics of residual waves in seeding multiwavelength BEFL, as shown in [11] . Generally, purpose of producing such multiwavelength BEFL includes acquiring lasing lines that have higher frequency spacing [12] [13] [14] , increased number of lasing lines, better tunability [10] , narrow linewidth [15] and higher optical signal to noise ratio (OSNR) [16] .
As in [17] , the tuning range of the random fiber laser is at 35nm with heavy doping of GeO 2 of the gain media and also using a fiber loop mirror to reduce the lasing threshold. A mode locked fiber laser [18] also presented a 22.76nm tuning range which generates pulse trains of minimum widths of 1.23ps.
In this paper, the study of a reversed S-shape structure, similar to the Taoist Yin-Yang shape is presented. Incorporated in the structure is an erbium doped fiber amplifier (EDFA) with a 15-m long EDF that plays a role in the bidirectional amplification of traversing beam signals. The characterization of this structure includes the free running spectrum, the number of lasing lines with the change of Brillouin power (BP) and pump power (PP) alongside its noise floor, number of channels and its tunability. Fig. 1 . shows the experimental setup. Yenista TUNICS T100S-HP Tunable Laser with a peak power of 14mW is used as the laser source of this experiment. The erbium-doped fiber amplifier (EDFA) in the middle of the structure composed of an Oclaro LC96 980 nm pump laser diode, a 15m length erbium-doped fiber and a 1550nm/980nm wavelength division multiplexer (WDM). Circulation of signals is facilitated by the 3-dB couplers, C1 and C2 that act as the input and output respectively. C1 introduces the Brillouin pump from the tunable laser source (TLS) into the structure. 50% of power from C2 are extracted from the system and analysed at the optical spectrum analyser (OSA) with a resolution of 0.02nm, while the other 50% continues the path of propagation in the system. Two single mode fiber (SMF) spools of 5km which acts as the Brillouin gain medium are placed on the left and right side of the loop.
II. EXPERIMENTAL SETUP
The light emitted first enters the Yin-Yang structure via the input port of the first 3-dB coupler, C1. Then, the laser output of C1 is amplified by the EDFA and is launched into the input port of the second 3-dB coupler, C2. As mentioned above, 50% of the output from the EDFA will be injected into the OSA while the other 50% will continue to circulate in the loop. At the right-hand side (RHS) SMF, Brillouin Stokes signal will be produced and backpropagates in a clockwise direction once Brillouin pump power reaches the Brillouin threshold. This Brillouin Stokes signal travels through the left-hand side (LHS) Similarly, this backpropagating Stokes signal also partially goes through the middle path and becomes part of the output. Hence, the effective output is the result from the cascaded effects from two SMF spools.
III. RESULTS AND DISCUSSIONS
In Fig. 2 , we turn off the Brillouin pump, BP and turn on the pump power, PP. This step is done to determine which it attains its maximum gain. As the maximum gain of PP occurred at ~1560nm, the BP is set at 1560nm to ensure homogenous gain between both laser sources.
The Brillouin threshold power is a parameter that indicates the formation of latter Stokes lines. When the BP and PP is increased over a certain level, the formation of a first Stokes line is observed. As the PP is increased at the same BP, the power will exceed subsequent Brillouin threshold level and will generate more Stokes lines that are frequency shifted according to which type of fiber is being used, in our case the frequency shift in silica based single mode fiber is ~10GHz and this translates to wavelength shift of 0.08nm. In Fig. 3 , 40mW of PP and 5mW BP is required to generate the first Stokes line that exceeds -10dBm power. At 5mW BP and 270mW PP, 8 Stokes lines were generated and the OSNR is at 19.979dB. As depicted in Figure 3 , the increase of PP will cause the increase of Stokes lines. The overall noise floor also increased when the PP increased. This is due to the EDFA being placed within the loop of the reverse S-shaped structure. As the PP is increased, the power amplified at the EDFA increased, effectively increasing the overall noise floor of the spectrum due to cumulative increase in noise floor of each loop iteration. Fig. 4 . shows that the noise floor is comparatively higher when the Brillouin pump power is at 0.5mW. This noise floor contributes to less pump power needed for the generation of Brillouin Stokes. Hence, more Stokes lines are being formed at 0.5mW. However, in order to obtain a balance between noise floor and also Stokes line generation, 5mW of Brillouin pump is used with the variation of pump power at the EDFA. The plotted graph in Fig. 5 . shows an approximate linear relationship between number of channels and pump power.
The wavelength of the Brillouin pump cannot be tuned indefinitely without affecting the quality of the multiwavelength laser. As shown in Fig. 6a , the laser can be tuned from 1542.5nm to 1577.5nm without the occurrence of free running modes. In Fig. 6b , a slight change of 0.5nm sprouts an unstable free running mode near 1560nm, which is the maximum gain wavelength of PP. This translates to a tuning range of 35nm. The tuning range is directly correlated to the robustness of the system to suppress the gain competition between the free running mode and the Stokes lines.
IV. CONCLUSION
We have demonstrated a Brillouin erbium fiber laser based on a reversed S-shaped loop that generates multiple shifted wavelengths that utilises two 5km long SMF. Generation of up to 8 Stokes lines and a tuning range of 35 nm, from 1542.5 nm to 1577.5 nm is the outcome of this experiment. It can be useful in certain optical applications such as sensing, filters and coherent communications. 
